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ABSTRACT

A MOS antifuse with an accelerated dielectric breakdown
induced by a void or seam formed 1n the electrode. In some
embodiments, the programming voltage at which a MOS
antifuse undergoes dielectric breakdown 1s reduced through
intentional damage to at least part of the MOS antifuse
dielectric. In some embodiments, damage may be introduced
during an etchback of an electrode material which has a
seam formed during backiilling of the electrode material 1into

an opening having a ft.

areshold aspect

ratio. In further

embodiments, a MOS antifuse bit-cell includes a MOS
transistor and a MOS antifuse. The MOS transistor has a
gate electrode that maintains a predetermined voltage
threshold swing, while the MOS antifuse has a gate elec-
trode with a void accelerated dielectric breakdown.

21 Claims, 14 Drawing Sheets
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Form (ate Dielecinic Uver Channel Region
520

Form Gate Electrode By Filling in Opening From Sidewalls Of
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531

Planarize 1st & Znd Gate Electrode Matenals
535
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Recess 1st & 2nd Gate Electrode Materials Exposing Seam in

Narrower Dimension Gate Elecirode
541

+
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Cap Recessed 1st & 2nd Gate Electrode Matenials
545

~Complete Transistor Using Wider Gate Electrode
& Antifuse Using Narrower Gate Electrods
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Deposit Gate Dielectric & Backiill Gate Electrode Material Into Openings
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532
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Cap Recessed 1st & 2nd Gate Electrode Matenials
545
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MOS ANTIFUSE WITH
VOID-ACCELERATED BREAKDOWN

CLAIM OF PRIORITY

This Application 1s a National Stage Entry of, and claims
priority to, PC'T Application No. PCT/US2014/051618, filed
on 19 Aug. 2014 and ftitled “MOS ANTIFUSE WITH

VOID-ACCELERATED BREAKDOWN?”, which 1s 1ncor-
porated by reference in its entirety for all purposes.

TECHNICAL FIELD

Embodiments described herein generally relate to inte-
grated circuits (ICs) and monolithic semiconductor devices,
and more particularly pertain to a monolithic antifuse.

BACKGROUND

Monolithic ICs generally comprise a number of transis-
tors, such as metal-oxide-semiconductor field-effect transis-

tors (MOSFETSs) fabricated over a planar substrate, such as
a silicon wafer.

ICs often include at least one antifuse. An antifuse 1s an
clectrical device that starts with a high resistance and 1is
designed to permanently create a conductive path when the
voltage across the device exceeds a threshold level. With
transistor dimension scaling from one generation to another,
it 1s advantageous to scale down the antifuse program
voltage.

MOS antifuse designs often employ a MOS transistor-
based structure, as depicted 1n FIG. 1A. MOS antifuse 10
disposed on substrate 5 employs a gate electrode 13 and a
source/drain contacts 14 surrounded by an 1solation dielec-
tric 15. With gate electrode 13 biased up to a programming,
voltage and source/drain contacts 14 held at a reference
potential (e.g. ground), the antifuse program circuit path
passes through a gate dielectric 11, a nominally doped
semiconductor well or fin 8, and heavily doped semicon-
ductor source/drain 9. Formation of a conductive path dur-
Ing a programming operation entails permanently breaking
down gate dielectric 11, which changes the resistance
between gate electrode 13 and source/drain contacts 14. IT
gate dielectric 11 1s intact, antifuse 10 displays normal
MOSFET characteristics. If gate dielectric 11 experiences
dielectric breakdown, antifuse 10 will not have normal
MOSFFET characteristics and instead have an associated
programmed antifuse resistance.

MOS antifuse architectures and associated fabrication
techniques that ofler lower antifuse program voltages are
advantageous.

BRIEF DESCRIPTION OF THE

DRAWINGS

The material described herein i1s illustrated by way of
example and not by way of limitation in the accompanying
figures. For simplicity and clarity of illustration, elements
illustrated 1n the figures are not necessarily drawn to scale.
For example, the dimensions of some elements may be
exaggerated relative to other elements for clanity. Further,
where considered appropriate, reference labels have been
repeated among the figures to indicate corresponding or
analogous elements. In the figures:
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2

FIG. 1A 1s a cross-sectional view of conventional mono-
lithic MOS antifuse;

FIG. 1B 1s a cross-sectional view of a monolithic MOS
antifuse with void-accelerated breakdown, in accordance

with an embodiment:
FI1G. 2, FIG. 3, and FIG. 4 are cross-sectional views of a

MOSFET integrated with a MOS antifuse with void-accel-
erated breakdown, 1n accordance with embodiments:

FIG. 5A 1s a flow diagram illustrating a method of
forming a MOS antifuse with void-accelerated breakdown,
in accordance with an embodiment:

FIG. 5B 1s a flow diagram illustrating a method of
forming a MOSFET and MOS antifuse with void-acceler-
ated breakdown, 1n accordance with an embodiment;

FIG. 5C 1s a tlow diagram illustrating a method of
forming a MOSFET and MOS antifuse with void-acceler-
ated breakdown, 1n accordance with an embodiment;

FIGS. 6A, 6B, 6C, 6D, 6E, 6F, and 6G are cross-sectional
views ol a MOSFET integrated with a MOS antifuse having
vold-accelerated breakdown evolving as selected operations
in the method depicted 1n FIG. SC are performed, in accor-
dance with an embodiment;

FIG. 7 illustrates a mobile computing platform and a data
server machine employing a MOS antifuse with void-accel-
erated breakdown 1n accordance with embodiments of the
present invention; and

FIG. 8 1s a functional block diagram of an electronic
computing device, 1n accordance with an embodiment of the
present invention.

DETAILED DESCRIPTION

One or more embodiments are described with reference to
the enclosed figures. While specific configurations and
arrangements are depicted and discussed in detail, 1t should
be understood that this 1s done for 1llustrative purposes only.
Persons skilled in the relevant art will recognize that other
configurations and arrangements are possible without
departing from the spirit and scope of the description. It will
be apparent to those skilled in the relevant art that techniques

and/or arrangements described herein may be employed 1n a
variety of other systems and applications other than what 1s
described 1n detail herein.

Reference 1s made 1n the following detailed description to
the accompanying drawings, which form a part hereof and
illustrate exemplary embodiments. Further, 1t 1s to be under-
stood that other embodiments may be utilized and structural
and/or logical changes may be made without departing from
the scope of claimed subject matter. It should also be noted
that directions and references, for example up, down, top,
bottom, and so on, may be used merely to facilitate the
description of features in the drawings. Terms such as
“upper” and “lower” “above” and “below” may be under-
stood by reference to 1llustrated X-7Z coordinates, and terms
such as “adjacent” may be understood by reference to XY
coordinates or to non-Z coordinates. Relative positional
terms are emploved herein merely as labels distinguishing,
one structural feature from another 1in a manner that may be
more clear than enumerative labels, such as “first,” “sec-

nd,” “third,” etc.

In the following description, numerous details are set
forth, however, 1t will be apparent to one skilled 1n the art,
that the present invention may be practiced without these
spec1ﬁc details. In some instances, well-known methods and
devices are shown in block dlagram form, rather than in
detail, to avoid obscuring the present mnvention. Reference
throughout this specification to “an embodiment” or “one
embodiment” means that a particular feature, structure,
function, or characteristic described in connection with the
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embodiment 1s included 1n at least one embodiment of the
invention. Thus, the appearances of the phrase “in an
embodiment” or “in one embodiment” 1n various places
throughout this specification are not necessarily referring to
the same embodiment of the invention. Furthermore, the
particular features, structures, functions, or characteristics
may be combined 1n any suitable manner in one or more
embodiments. For example, a first embodiment may be
combined with a second embodiment anywhere the particu-
lar features, structures, functions, or characteristics associ-
ated with the two embodiments are not mutually exclusive.

As used in the description of the mmvention and the
appended claims, the singular forms *“a”, “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will also be under-
stood that the term “and/or” as used herein refers to and
encompasses any and all possible combinations of one or
more of the associated listed 1tems.

The terms “coupled” and *“connected,” along with their
derivatives, may be used herein to describe functional or
structural relationships between components. It should be
understood that these terms are not intended as synonyms
for each other. Rather, in particular embodiments, *“con-
nected” may be used to indicate that two or more elements
are 1n direct physical, optical, or electrical contact with each
other. “Coupled” may be used to indicated that two or more
clements are in either direct or indirect (with other inter-
vening elements between them) physical, optical, or elec-
trical contact with each other, and/or that the two or more
clements co-operate or interact with each other (e.g., as in a
cause an ellect relationship).

The terms “over,” “under,” “between,” and “on” as used
herein refer to a relative position of one component or
material with respect to other components or materials
where such physical relationships are noteworthy. For
example 1n the context of materials, one material or material
layer disposed over or under another may be directly 1n
contact or may have one or more intervening material layers.
Moreover, one material disposed between two materials or
material layers may be directly 1n contact with the two layers
or may have one or more intervening layers. In contrast, a
first material or matenal layer “on” a second material or
maternal layer 1s 1n direct contact with that second material/
maternal layer. Similar distinctions are to be made in the
context of component assemblies.

As used 1n throughout this description, and 1n the claims,
a list of 1tems joined by the term “at least one of” or “one or
more of” can mean any combination of the listed terms. For
example, the phrase “at least one of A, B or C” can mean A;

B: C: Aand B; Aand C; B and C; or A, B and C.
Monolithic MOS antifuse and MOS antifuse bit-cells, as
well as exemplary techniques to fabricate such structures are
described herein. A void or seam formed during deposition
ol a gate electrode employed as a terminal of a MOS antifuse
1s exploited to accelerate dielectric breakdown 1n the MOS
antifuse. In some embodiments, the programming voltage at
which a MOS antifuse undergoes dielectric breakdown 1s
reduced through intentional damage to at least part of the
MOS antifuse gate dielectric. In some embodiments, anti-
tuse gate dielectric damage may be introduced as an etch
back of a gate electrode material exposes a seam formed
during a gate electrode backiilling process. During the etch
back, the seam may be opened to expose the underlying gate
dielectric layer to the etch back process, or another process
thereatter, which may damage the gate dielectric in a manner
that lowers the film’s resistance to one or more electrical
breakdown mechanism. In further embodiments, a MOS
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4

antifuse bit-cell includes a MOS transistor and a MOS
antifuse. The MOS transistor has a gate electrode without an
exposed seam and maintains a predetermined voltage thresh-
old swing. The MOS antifuse has a gate electrode with an
exposed seam and displays the accelerated dielectric break-
down.

With an accelerated breakdown, the dielectric breakdown
voltage for a MOS capacitor 1s lower than a reference
breakdown voltage for the particular MOS stack. In advan-
tageous embodiments, dielectric breakdown may be accel-
crated to below a reference breakdown threshold (e.g.,
<4.0V Gate-to-Drain breakdown voltage) typical for the
reference MOS stack. The reference MOS stack may be
turther employed in a MOSFET that 1s integrated with the
MOS antifuse having void-accelerated breakdown, {for
example 1n a MOS antifuse bit-cell.

FIG. 1B 1s a cross-sectional view of a monolithic MOS
antifuse with void-accelerated breakdown, in accordance
with an embodiment. The cross-sectional view 1s applicable
to both planar and non-planar (e.g., fin) MOS antifuse
structures. Structural diflerences between planar and non-
planar embodiments would be more apparent along an axis
out of the plane 1llustrated 1n FIG. 1B, but are not 1llustrated
as embodiments herein are independent of such features and
therefore equally applicable to planar and non-planar tech-
nologies.

MOS antifuse 100 includes a semiconductor channel
region 108 disposed over substrate 105. Substrate 105 may
be any substrate suitable for forming an IC, such as, but not
limited to, a semiconductor substrate, semiconductor-on-
isulator (SOI) substrate, or an insulator substrate (e.g.,
sapphire), the like, and/or combinations thereof. In one
exemplary embodiment, substrate 105 includes a substan-
tially monocrystalline semiconductor, such as, but not lim-
ited to, silicon. Exemplary semiconductor compositions also
include group IV systems, such as silicon, germanium, or an
alloy thereof group III-V systems, such as GaAs, InP,
InGaAs, and the like; or group III-N systems, such as GalN.

A semiconductor source region 110A, and semiconductor
drain region 110B are disposed on opposite sides of channel
region 108 and have a conductivity type opposite that of
channel region 108. Channel region 108 may be substan-
tially undoped (1.e., not intentionally doped relative to
substrate 105). However, in the exemplary embodiment,
channel region 108 has a nominal doping level of a certain
conductivity type (e.g., p-type) while source, drain regions
110, 111 have a nominal doping level of the complementary
conductivity type (e.g., n-type). A source contact 114A
interfaces with source region 110A, while a drain contact
114B 1interfaces with drain region 110B. Any contact met-
allization known to be compatible (e.g., provides good
ohmic behavior) with the composition of semiconductor
source, drain regions 110A, 110B may be utilized.

Contact metallization 1s surrounded by dielectric material
115, 125. Isolation dielectric 115 and intervening spacer
dielectric 125 may be any known dielectric materials, such
as, but not limited to, silicon oxides (S10), silicon nitrides
(S1N), silicon oxymitrides (S10ON), silicon carbonitrides
(S1CN), or low-k matenals (e.g., carbon doped silicon
dioxide (510C), porous dielectrics, etc.). Spacer dielectric
125 1s of a nominal thickness, for example, 20 nm, or less,
in advanced CMOS technology. Isolation dielectric 115 may
be any thickness to accommodate planarization with source,
drain contacts 114A, 114B.

Disposed over channel region 108 1s a gate dielectric 120.
While gate dielectric 120 may be any dielectric material and
have any thickness known to provide suitable function
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within a MOS stack, both composition and physical thick-
ness of gate dielectric 120 impact nominal dielectric break-
down voltage (e.g., gate-to-drain) of a MOS capacitor, and
also may aflect acceleration of the dielectric breakdown 1n
accordance with embodiments herein. Materials such as
s1licon dioxide (510,), silicon nitride (S1;N,,), silicon oxyni-
tride (SON), having bulk dielectric constants in the range of
3.9 to about 8, may be utilized for gate dielectric 120. In
advantageous embodiments however, gate dielectric 120 1s
a high-k dielectric material have a bulk dielectric constant of
at least 10. Exemplary high-k materials include, but are not
limited to, metal oxides (e.g., HIO,), and metal silicates.
Gate dielectric 120 may also be a laminate stack of more
than one dielectric (e.g., two or more thin films of the above
matenals). Gate dielectric 120 may have a range of physical
thicknesses, which may be a function of dielectric compo-
sition as limited by typical MOS stack parameters, such as
leakage current, etc. In exemplary embodiments, gate
dielectric 120 1s of a nominal thickness dependent upon 1ts
bulk relative permittivity to achieve a desired equivalent
oxide thickness (EOT), for example, 10 nm, or less.

Gate dielectric 120 separates channel region 108 from
gate electrode 130. Gate electrode 130 1s further separated
from source, drain contacts 114A, 114B by spacer dielectric
125. While material composition and dimensions ol gate
clectrode 130 may vary widely, both the composition and
dimension may impact acceleration of the antifuse gate
dielectric breakdown 1n accordance with embodiments
herein. Gate electrode 130 may include any material pro-
viding a desired work function (e.g., an n-type, p-type, or
mid-gap material). A work function material may vary to
accommodate various work function targets by including an
appropriate metal, or by doping a semiconductor gate elec-
trode material, such as, but not limited to, polysilicon. In
addition to a work function material interfacing gate dielec-
tric 120, gate electrode 130 may further include a bulk or
“fill” material disposed over the work function material. In
exemplary embodiments the fill material accounts for a
majority of gate electrode z-height H_. The composition and
dimension of the fill metal may impact acceleration of the
antifuse gate dielectric breakdown in accordance with
embodiments herein. As described further below, in advan-
tageous embodiments, at least the fill material of gate
clectrode 130 1s amenable to being deposited by a technique
that has suflicient conformality. Exemplary {ill materials
include metals and semiconductors (e.g., polysilicon). In
advantageous embodiments, gate electrode 130 includes
tungsten (W) fill. Other exemplary electrode fill metal
embodiments include any of copper (Cu), titanium (11),
aluminum (Al), nickel (N1), cobalt (Co), and their alloys.

In embodiments, gate electrode 130 has a z-height H,
from an interface with gate dielectric 120, and a gate length
L, across channel region 108 (e.g., 1n y-axis). The z-height
H, may vary widely, for example between 10 nm and 100
nm, as a function of a variety of factors. As further i1llustrated
in FI1G. 1B, z-height H_ 1s less than a corresponding z-height
of spacer dielectric 125, and/or source, drain 114A, 114B
(e.g., z-height H, measured from a same reference plane as
H,). A capping material 140 1s disposed over gate electrode
130. Gate capping material 140 may provide electrical
1solation over a top surface of gate electrode 130 and, 1n the
exemplary embodiment, substantially planarizes the gate
stack with spacer dielectric 125. Gate capping material 140
may have a same composition as one or more ol gate
dielectric 120, 1solation dielectric 115, and spacer dielectric
125, or may have a composition distinct from any and/or all
other dielectrics allowing for etch selectively between mate-
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rials. In exemplary embodiments, gate capping material 140
includes one or more of: S10, S1ION SiN, S1CN, Si1C, low-k
dielectric (e.g., carbon-doped oxide), or the like. Gate cap-
ping material 140 may also be a metal or semiconductor
(e.g., polysilicon).

In embodiments, a MOS antifuse gate electrode includes
a seam extending from a top surface of the gate electrode,
downward through a z-height of the gate electrode. The
inventors have found the seam 1n the electrode to provide a
basis for advantageously accelerating antifuse dielectric
breakdown. Although not bound by theory, 1t 1s currently
understood that a gate electrode seam enables processing
performed subsequent to opening of the seam to alter one or
more property of gate dielectric 120 (e.g., damage gate
dielectric 120). In the exemplary embodiment 1llustrated 1n
FIG. 1B, gate electrode 130 includes a seam 150 that extends
from a top surface 1301, through a z-height H,, and
approaching gate dielectric 120. In the 1llustrated embodi-
ment, secam 150 joins to gate dielectric 120. In other embodi-
ments however, the gate electrode seam 150 does not
intersect gate dielectric 120, but instead terminates within
gate electrode 130. For example, 1n one embodiment where
gate electrode 130 1includes a fill metal disposed over a work
function metal, seam 150 does not extend through the work
function metal. In such embodiments, seam 150 may inter-
face with the work function metal or be separated from the
work function metal by some nominal bottom thickness of
{111 metal.

Seam 150 may be substantially unfilled (1.e., a void), or
may be partially or completely backfilled by a matenal,
which may be of a same or distinct composition as gate
clectrode 130. In the exemplary embodiment depicted, gate
clectrode seam 1350 includes one or more unfilled void. For
embodiments where seam 150 1s at least partially backfilled,
for example by gate capping material 140, scam 150 may be
a decorated material interface where microstructure and/or
composition 1s discontinuous within gate electrode 130.
Even where gate electrode seam 150 comprises an unfilled
vold, such a void 1s occluded by gate capping material 140.
In further embodiments, gate electrode seam 150 1s disposed
at approximately the center of the gate electrode 130. Seam
150 1s laterally aligned to approximately 2 the gate length
L., as a result of the deposition process employed to form
gate electrode 130. As such, seam 150 1s “selt-aligned™ and
does not require an additional masking process to space
scam 150 from 1solation dielectric 125 by 3-10 nm {for a
10-20 nm L,, for example.

In embodiments, an antifuse gate electrode top surface 1s
non-planar. A depression, or divot, 1s disposed around a
seam extending through a z-height of the gate electrode. As
illustrated 1n FIG. 1B, gate electrode 130 includes a top
clectrode surface 130T that 1s non-planar. Top electrode
surface 1301 has a maximum z-height H, proximal a gate
clectrode sidewall 130S with a minimum z-height less than
H, proximal gate electrode seam 150. These topographical
features of gate electrode 130 are indicative of a gate
clectrode recess etch that reduced the gate electrode to a
maximum z-height H, from some greater z-height, such as
H,. As described further below, because of the presence of
scam 150, the gate electrode recess etch progresses more
rapidly proximal seam 150, forming a depression below H,
in top electrode surface 130T on either side of seam 150.
Such a non-planar top gate electrode surface 1s therefore
indicative of a seam-accelerated gate electrode recess etch.
Because inventors have found exposure of a gate electrode
seam to gate electrode etchant species advantageously accel-
erates dielectric breakdown, the non-planar recessed top
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gate electrode surface 130T i1s indicative of antifuse 100
having void-accelerated dielectric breakdown (e.g., gate
dielectric 120 may be damaged by exposure to the gate
recess process as facilitated by seam 150).

In embodiments, a MOS antifuse bit-cell includes a MOS
antifuse with a gate electrode having a seam, and a MOS
transistor (e.g., a MOSFET) with a “seam-iree,” or “seam-
less,” gate electrode. In certain embodiments, a gate elec-
trode seam 1s a feature dependent on a dimension of a gate
clectrode. In one such embodiment, an antifuse gate elec-
trode having a nominal gate length below a threshold
includes a seam, while a MOSFET gate electrode having a
gate length above the threshold 1s seam-free. FIG. 2 1s a
cross-sectional view of an antifuse bit-cell 201 that inte-
grates MOS antifuse 100 having void-accelerated break-
down with a MOSFET 200, 1n accordance with a feature-
s1zed dependent embodiment. MOS antifuse 100 may have
any and all of the structural features described above 1n
reference to FIG. 1B. For a functional antifuse bit-cell, a
terminal of MOSFET 200 may be coupled, for example by
an nterconnect metallization layer (not depicted), to anti-
tuse gate electrode 130 or antifuse drain electrode 114B.

MOSFET 200 further includes a semiconductor channel
region 208 disposed over a second portion of substrate 105.
Semiconductor channel region 208 may have the same
conductivity type as that of semiconductor channel 108, or
may be of the complementary type. MOSFET 200 further
includes a semiconductor source region 210A, and a drain
region 210B, each of a conductivity type complementary to
channel region 208. Source, drain regions 210A, 210B are
disposed over substrate 105 on opposite sides channel region
208, for example as regrown semiconductor regions. In the
exemplary embodiment where channel region 208 has the
same conductivity type as channel region 108, source and
drain regions 210A, 210B have the same conductivity type
(e.g., n-type) as source, drain regions 110A, 110B. In a
turther embodiment, the source and drain regions of bit-cell
201 are all of substantially the same composition (e.g.,
doped to same mmpunity level, etc.). MOSFET 200 further
includes a source contact 214A interfacing with semicon-
ductor source region 210A, and a drain contact 214B 1nter-
tacing with semiconductor drain region 210B. In the exem-
plary embodiment, source, drain contacts 214A, 214B have
the same composition as source, drain contacts 114A, 114B.
MOSFET 200 further includes a gate dielectric 220. In the
exemplary embodiment, gate dielectric 220 has substantially
the same EOT as gate dielectric 120 (e.g., to withuin 10%).
In a further embodiment, gate dielectrics 120 and 220 are
substantially the same composition and physical thickness.
In one advantageous embodiment, both gate dielectrics 120
and 220 include the same high-k dielectric matenal.

MOSEFET 200 further includes a gate electrode 230 sepa-
rated from channel region 208 by gate dielectric 220. Gate
clectrode 230 1s further separated from the source and drain
contacts 214A, 214B by intervening spacer dielectric 225.
As 1llustrated m FIG. 2, gate electrode 230 1s seam-iree,
lacking an equivalent of seam 150. In advantageous embodi-
ments, gate electrode 230 has the same matenal
composition(s) as gate electrode 130. In further embodi-
ments, there 1s a gate electrode aspect ratio (AR) threshold,
above which a seam 1s present in the gate electrode, and
below which the electrode 1s seamless. Gate electrode 230
may be designed to have a lower AR than gate electrode 130.
Advantageously, gate electrode 230 has an AR below the
seam threshold, and 1s therefore seamless. Gate electrode
aspect ratio 1s a function of gate electrode z-height and gate
clectrode critical dimension (CD). In exemplary embodi-
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ments, gate electrode z-height 1s a function of the z-height
of surrounding dielectric materials (e.g., H,) into which gate
clectrode material 1s backfilled, and an amount by which a
gate electrode 1s subsequently recessed relative to the sur-
rounding dielectric materials. In the exemplary embodiment
depicted, gate eclectrode 230 has substantially the same
“as-deposited” z-height as that of gate electrode 130 because
both electrodes are surrounded by a dielectric with z-height
H,. Likewise, both gate electrodes 130, 230 are recessed by
approximately the same amount as measured at the respec-
tive gate electrode sidewalls (e.g., H, ,=H_ ). The differ-
ence 1n AR between gate electrode 130 and gate electrode
230 1s therefore primarily a function the gate electrode CD
defining the MOSFET gate length L, to be larger than the
antifuse gate length L,. Depending on the z-height of
surrounding materials, the CD defining [, may be predeter-
mined to avoid forming a seam during deposition of gate
clectrode 230, while the same deposition process will form
a seam 1n gate electrode 130 at the CD defining L. In
exemplary embodiments, L, 1s at least 3-5 nm larger than L, .

A gate electrode capping material 240 1s disposed over
seam-1Iree gate electrode 230. In the exemplary embodiment,
capping material 240 backfills the recessed top surface
between dielectric spacers 225 in the same manner as
described for antifuse 100. In advantageous embodiments,
capping materials 140 and 240 have the same composition.
In further embodiments, MOSFET gate electrode 230 has a
top surtace that 1s more planar than a top surface of antifuse
gate electrode 130. More specifically, there 1s little, if any,
depression proximate to a centerline of gate electrode 230,
relative to a sidewall z-height of gate electrode 230. As
illustrated 1n FIG. 2, gate electrode 230 includes a top
clectrode surface 23071 that 1s substantially planar, even
though top electrode surface 2307 is recessed below dielec-
tric spacer 2235, contacts 214A, 2148, and 1solation dielec-
tric 115. This more planar top gate electrode surface 2307 1s
indicative of a recess etch performed on gate electrode 230
that reduced the gate electrode z-height to H_ , from some
greater z-height, such as H,. In absence of a seam, the gate
clectrode recess etch progresses more uniformly across
clectrode top surface 2307T. Such a planar recessed top gate
clectrode surface 1s therefore indicative of a MOS stack that
advantageously maintains a high dielectric breakdown volt-
age (1.e., gate dielectric 220 does not experience an accel-
crated dielectric breakdown).

In an embodiment, a gate electrode seam 1s a feature
dependent on a process of forming a gate electrode. As
described further below, two diflerent deposition techniques
may be utilized: one technmique to form a MOSFET gate
clectrode without a seam, and a second technique to form an
antifuse gate electrode with a seam that can be exploited to
accelerate the antifuse dielectric breakdown. Depending on
the techniques utilized, an antifuse gate electrode may have
a different composition and/or microstructure than a MOS-
FET gate electrode integrated onto a same substrate. In one
such embodiment, an antifuse gate electrode having a par-
ticular composition and/or microstructure includes a seam,
while a MOSFET gate electrode having different composi-
tion or microstructure 1s seam-iree. FIG. 2 1s cross-sectional
view ol an antifuse bit-cell 301 that integrates a MOS
antifuse 100 having void-accelerated breakdown with a
MOSFET 300, in accordance with an embodiment employ-
ing different deposition processes that impact gate electrode
material composition and/or microstructure. MOS antifuse
100 may have any and all of the structural features described
above 1n reference to FIG. 1B. MOSFET 300 may have a

terminal coupled, for example by an interconnect metalli-
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zation layer (not depicted), to antifuse gate electrode 130 or
antifuse drain electrode 114B to form an antifuse bit-cell.

MOSFET 300 includes a semiconductor channel region
208 disposed over a second portion of substrate 105. Semi-
conductor channel region 208 may have the same conduc-
tivity type as that of semiconductor channel 108, or may be
of the complementary type. MOSFET 300 further includes
a semiconductor source region 210A, and a drain region
210B, each of a conductivity type complementary to channel
region 208. Source, drain regions 210A, 2108 are disposed
over substrate 105 on opposite sides channel region 208, for
example as regrown semiconductor regions. In the exem-
plary embodiment where channel region 208 has the same
conductivity type as channel region 108, source and drain
regions 210A, 210B have the same conductivity type (e.g.,
n-type) as source, drain regions 110A, 110B. In a further
embodiment, the source and drain regions of bit-cell 201 are
all of substantially the same composition (e.g., doped to
same 1mpurity level, etc.).

MOSFET 300 further includes source contact 214 A inter-
facing with semiconductor source region 210A, and drain
contact 214B 1nterfacing with semiconductor drain region
210B. In the exemplary embodiment, source, drain contacts
214A, 214B have the same composition as source, drain
contacts 114A, 1148B. MOSFET 300 further includes a gate
dielectric 220. In the exemplary embodiment, gate dielectric
220 has substantially the same EOT as gate dielectric 120
(e.g., to within 10%). In a further embodiment, gate dielec-
trics 120 and 220 are substantially the same composition and
physical thickness. In one advantageous embodiment, both
gate dielectrics 120 and 220 include the same high-k dielec-
tric material.

MOSFET 300 further includes a gate electrode 330 sepa-
rated from channel region 208 by gate dielectric 220, and
separated from the source and drain contacts 214A, 2148 by
spacer dielectric 225. As illustrated in FIG. 3, gate electrode
330 1s seam-iree, lacking an equivalent of seam 150. In
advantageous embodiments, gate electrode 330 has a dii-
ferent material composition(s) than gate electrode 130. In
one such embodiment, antifuse gate electrode 130 has a
material composition that 1s suitably deposited by a highly
conformal technique, such as atomic layer deposition
(ALD), or chemical vapor deposition (CVD). MOSFET gate
clectrode 230 has a material composition that 1s suitably
deposited by a highly non-conformal technique, and more
specifically by a superfilling technique that fills an opening
from bottom-up. For example, gate electrode 130 may
include any {ill material of suitable conductivity that has a
known and commercially available CVD or ALD precursor,
such as, but not limited to, semiconductors (e.g., polysili-
con) and metals/metal alloys (e.g., tungsten, aluminum).
Similarly, gate electrode 230 may include any fill material of
suitable conductivity that has a known and commercially
available superfilling precursor, such as, but not limited to,
various metals that may be spun-on or plated from bottom-
up. In further embodiments, one or more impurities may be
present 1n gate electrode 230, which are absent 1n gate
clectrode 130 (or vice versa). For example, a superfilling
process employed to form gate electrode 230 may leave an
impurity (e.g., phosphorus, etc.) in gate electrode 230 that 1s
absent 1in gate electrode 130. In further embodiments, gate
clectrode 230 has a different material microstructure than
gate electrode 130. Microstructure within gate electrode 130
may difler from that of gate electrode 230 even where gate
clectrodes 130 and 230 have substantially the same compo-
sition (e.g., each being of the same metal alloy), as a
function of different deposition techniques employed to
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form each electrode. Differing microstructure includes, but
1s not limited to, different grain dimensions, different grain
shapes, different grain orientations, or different alloy phases.
A gate electrode capping material 240 1s disposed over
seam-Iree gate electrode 330. In the exemplary embodiment,
capping material 240 backfills the recessed top surface
between dielectric spacers 225 in the same manner as
described for antifuse 100. In advantageous embodiments,
capping materials 140 and 240 have the same composition.
In further embodiments, MOSFET gate electrode 330 has a
top surface that 1s more planar than a top surface of antifuse
gate electrode 130. More specifically, there 1s little, 11 any,
depression proximate to a centerline of gate electrode 330,
relative to a sidewall z-height of gate electrode 330. As
illustrated 1n FIG. 3, gate electrode 330 includes a top
clectrode surface 3307 that 1s substantially planar, even
though top electrode surface 33071 1s recessed below spacer
dielectric 225, and/or contacts 214A, 214B. This more
planar top gate electrode surface 330T 1s indicative of a
recess etch performed on gate electrode 330 that reduced the
gate electrode z-height to H_ , from some greater z-height,
such as H,. In absence of a seam, the gate electrode recess
etch progresses more uniformly across electrode top surface
330T. A planar recessed top gate electrode surface 1s there-
fore indicative a MOS stack that advantageously maintains
a high dielectric breakdown voltage (1.e., gate dielectric 220
does not experience an accelerated dielectric breakdown).
In embodiments, a MOS antifuse bit-cell includes a MOS
antifuse and a MOSFET, each further including a gate
clectrode having a seam. For such embodiments, a difler-
ential 1n the gate dielectric breakdown between the antifuse
and MOSFFET can be maintained by avoiding a breach of the
MOSFET gate electrode seam that might otherwise accel-
erate the MOSFET gate dielectric breakdown. In an embodi-
ment, the MOSFET gate electrode 1s not recessed sufli-
ciently to expose a seam present in the MOSFET gate
clectrode while the antifuse gate electrode 1s recessed by a
greater amount suflicient to expose the seam. FIG. 4 1s a
cross-sectional view of an antifuse bit-cell 401 that inte-
grates MOS antifuse 100 having void-accelerated break-
down with a MOSFET 400, 1n accordance with an embodi-
ment employing a selective gate recess. MOS antifuse 100
may have any and all of the structural features described
above 1n reference to FIG. 1B. MOSFET 400 may have a
terminal coupled, for example by an interconnect metalli-
zation layer (not depicted), to antifuse gate electrode 130 or
antifuse drain electrode 114B to form an antifuse bit-cell.
MOSFET 400 further includes a semiconductor channel
region 208 disposed over a second portion of substrate 105.
Semiconductor channel region 208 may have the same
conductivity type as that of semiconductor channel 108, or
may be of the complementary type. MOSFET 400 further
includes a semiconductor source region 210A, and a drain
region 210B, each of a conductivity type complementary to
channel region 208. Source, drain regions 210A, 210B are
disposed over substrate 105 on opposite sides channel region
208, for example as regrown semiconductor regions. In the
exemplary embodiment where channel region 208 has the
same conductivity type as channel region 108, source and
drain regions 210A, 210B have the same conductivity type
(e.g., n-type) as source, drain regions 110A, 110B. In a
turther embodiment, the source and drain regions of bit-cell
401 are all of substantially the same composition (e.g.,
doped to same mmpunty level, etc.). MOSFET 400 further
includes a source contact 214A interfacing with semicon-
ductor source region 210A, and a drain contact 214B 1nter-
facing with semiconductor drain region 210B. In the exem-
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plary embodiment, source, drain contacts 214A, 214B have
the same composition as source, drain contacts 114A, 114B.
MOSFET 400 further includes a gate dielectric 220. In the
exemplary embodiment, gate dielectric 220 has substantially
the same EOT as gate dielectric 120 (e.g., to within 10%).
In a further embodiment, gate dielectrics 120 and 220 are
substantially the same composition and physical thickness.
In one advantageous embodiment, both gate dielectrics 120
and 220 include the same high-k dielectric matenal.

MOSFET 400 further includes a gate electrode 430 sepa-
rated from channel region 208 by gate dielectric 220. Gate
clectrode 430 1s further separated from the source and drain
contacts 214A, 214B by spacer dielectric 225. As illustrated
in FIG. 4, gate electrode 430 includes seam 450, similar to
scam 150 present 1n gate electrode 130. In advantageous
embodiments, gate electrode 430 has the same material
composition(s) as gate electrode 130 and the same CD (e.g.,
gate length of L)). Gate electrode 130 1s recessed to H_ ,
which 1s suflicient to open seam 150. However, gate elec-
trode 430 1s recessed to a z-height H, , that is greater than
gate electrode height H_ ;. Seam 450 remains occluded by
gate electrode material such that seam 450 remains a key-
hole or a void contained within gate electrode 430. This gate
clectrode 1s indicative of a MOS stack having a high
dielectric breakdown threshold (1.e., not void-accelerated 1n
the manner of antifuse 100).

A gate electrode capping material 240 1s disposed over
gate electrode 430. In the exemplary embodiment, capping
material 240 backfills the recessed top surface between
dielectric spacers 225 in the same manner as described for
antifuse 100. In advantageous embodiments, capping mate-
rials 140 and 240 have the same composition. Capping
material 240 1s of reduced thickness to account for greater
z-height of gate electrode 430 and maintain planarity with
surrounding dielectrics and/or contact metallizations. In
turther embodiments, MOSFET gate electrode 430 has a top
surface that 1s more planar than a top surface of antifuse gate
clectrode 130. More specifically, there 1s little, 11 any,
depression proximate to a centerline of gate electrode 430,
relative to a sidewall z-height of gate electrode 430. As
illustrated 1n FIG. 4, gate electrode 430 includes a top
clectrode surface 430T that 1s substantially planar, even
though top electrode surface 4307 1s recessed below spacer
dielectric 225, and contacts 214A, 214B. The more planar
top gate electrode surface 4307 1s indicative of a recess etch
performed on gate electrode 430 that reduced the gate
electrode z-height to H_ , from some greater z-height, such
as H,. However, because seam 450 is not open to top
clectrode surface 43071, the gate electrode recess etch pro-
gresses more uniformly across electrode top surface 430T.
Such a planar recessed top gate electrode surface 1s therefore
indicative a MOS stack that advantageously maintains a
high dielectric breakdown voltage (1.e., gate dielectric 220
does not experience an accelerated dielectric breakdown).

MOS antifuse structures with void-accelerated gate
dielectric breakdown and IC structures (e.g., antifuse bit-
cells) integrating such an antifuse along with MOSFETS
may be fabricated with a wide variety of techniques. FIG.
5A 1s a tlow diagram illustrating a method 501 of forming a
MOS antifuse with void-accelerated breakdown, 1n accor-
dance with an embodiment. Method 501 may be practiced to
tabricate antifuse 100 illustrated 1n FIG. 1B, for example.

Method 501 begins with forming an opening 1n dielectric
material layer(s) at operation 510. The opening exposes a
semiconductor channel region of a substrate. Any known
technique(s) may be practiced at operation 510 to form an
opening into which a gate electrode 1s to be subsequently
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deposited. One technique includes removing a sacrificial
gate electrode from a surrounding structure, as described
further below 1n the context of FIG. 5B and FIG. 6A. Other
techniques such as, but not limited to, patterned etching of
a blanket dielectric film, may also be practiced. Thickness or
z-height of the surrounding dielectric and CD of the opening
may be selected to mnduce formation of a seam during the
subsequent backfilling of a gate electrode matenal into the
opening. In one exemplary embodiment, an AR of the
opening formed at operation 510 1s greater than 1:1, and
advantageously greater than 2:1.

At operation 320, a gate dielectric layer 1s formed over the
semiconductor channel region exposed within the opening
that was formed at operation 510. Any known gate dielectric
formation process may be employed at operation 520 (e.g.,
thermal oxidation, CVD, and ALD) to form any material
known to be suitable as a MOS dielectric. In advantageous
embodiments, operation 520 entails deposition of a high-k
material by ALD.

Method 501 continues at operation 330 with formation of
a gate electrode within the opening formed at operation 510.
In advantageous embodiments, the gate electrode 1s formed
by filling 1n the opening from sidewalls of the surrounding
dielectric. In exemplary embodiments, operation 530 entails
depositing a gate electrode material with a highly conformal
process, such as, but not limited to, CVD and ALD. The
conformal process forms a seam 1n the gate electrode.

Method 501 continues at operation 540 where the gate
clectrode material deposited at operation 530 1s recessed to
open the seam 1n the gate electrode. The opened seam may
turther expose the gate dielectric formed at operation 520 to
the recess etch process employed at operation 540 (and to
any subsequent process environment until the gate electrode
seam 1s occluded). Operation 540 may entail one or more
known recess etch process as a function of the gate electrode
composition. In an advantageous embodiment, operation
540 includes a plasma-based recess etch. In further embodi-
ments, operation 540 entails planarization of the gate elec-
trode material to remove gate electrode material overburden
followed by a plasma-based or wet chemical-based recess
ctch. Such embodiments are further described below 1n the
context of FIG. SB. Method 501 ends at operation 350 where
the MOS antifuse 1s completed by forming source/drain
regions, and forming source/drain contacts to the source/
drain regions, with any known technique(s).

FIG. 5B 1s a flow diagram illustrating a method 502 of
forming a MOSFET integrated with a MOS antifuse having
vold-accelerated breakdown, 1n accordance with an embodi-
ment. Method 502 may be practiced to fabricate antifuse 100
and MOSFET 201 illustrated 1n FIG. 2, for example. Certain
operations described 1 the context of method 3502 are
further illustrated 1 FIG. 6A-6G. FIG. 6A-6G are cross-
sectional views of an antifuse with void-accelerated dielec-
tric breakdown and a MOSFET without void-accelerated
dielectric breakdown evolving as selected operations 1in
method 502 are performed, 1 accordance with advanta-
geous embodiments. Reference numbers introduced 1n FIG.
2. are retained for corresponding structures illustrated 1n
FIG. 6A-6G. The various operations illustrated in more
detail by FIG. 6 A-6G may be similarly employed in corre-
sponding operations 1 method 501 above, as well as 1n
method 503 described further below.

Referring to FIG. 5B, method 502 begins with forming
first and second openings in dielectric material layer(s) at
operation 511. The openings expose two separate semicon-
ductor channel regions of a substrate. Any known techniques
may be practiced at operation 511 to form the openings into
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which a gate electrode 1s to be subsequently deposited. One
technique includes concurrently removing two sacrificial
gate electrodes from a surrounding structure. In the exem-
plary embodiment 1llustrated in FIG. 6A, a gate replacement
process 1s performed beginning with formation of sacrificial
gate structures 630 over channel semiconductor regions 108,
208. Sacrificial gate structures 630 may be fabricated with
any known technique. In one embodiment a sacrificial
material, such as, but not limited to polysilicon 1s deposited
over the substrate and patterned to form a plurality of
sacrificial gate structures. Any suitable deposition technique
may be utilized, such as, but not limited to chemical vapor
deposition (CVD), or atomic layer deposition (ALD). In one
exemplary embodiment polysilicon 1s deposited by CVD.
Any suitably anisotropic etch may be utilized to pattern the
sacrificial material. Dielectric spacer(s) 123, 225 are formed.
Any suitable dielectric material, such as, but not limited to
S10, S10N, SiN, S10C, etc., may be deposited using any
known technique, such as, but not limited to chemical vapor
deposition (CVD), or atomic layer deposition (ALD). The
dielectric material deposition 1s advantageously conformal.
An anisotropic etch may then clear the dielectric matenal
leaving only spacer dielectric 125, 2235 self-aligned to topo-
graphic steps. In the exemplary embodiment illustrated 1n
FIG. 6 A, spacer dielectric 1235, 225 i1s self-aligned to edges
of sacrificial gate structures 630. Isolation dielectric 115 1s
formed around sacrificial gate structures 630. Any deposi-
tion process may be emploved to form dielectric material
115, such as, but not limited to, CVD, and spin-on processes.
For deposition processes that are non-planarizing, the depos-
ited dielectric may be planarized, for example by chemical-
mechanical polish (CMP) to expose top surfaces of the
sacrificial gate features. Sacrificial gate features are then
removed, as further illustrated 1n FIG. 6B. Any conventional
etch process, such as, but not limited to a wet chemical etch,
or dry plasma etch, may be utilized to remove one or more
sacrificial gate structure selectively to the surrounding
dielectric. In alternate embodiments, the formation of 1so-
lation dielectric 115 and removal of sacrificial gate struc-
tures 630 may precede the formation of spacer dielectric

125, 225.

Returning to FIG. 3B, the thickness or z-height of the
surrounding dielectric and CD of a first of the gate electrode
openings may be selected to induce formation of a seam
during the subsequent deposition of a gate electrode material
into the first opening. In one exemplary embodiment, an AR
of a first opening formed at operation 511 1s greater than 1:1,
and advantageously greater than 2:1 while a second opening
formed at operation 511 1s less than 2:1, and advantageously
no greater than 1:1. In one exemplary embodiment, a first
opening ol a smaller CD and a second opening of a larger
CD are formed into a surrounding dielectric of a substan-
tially uniform thickness or z-height.

Method 3502 continues at operation 531 where a gate
dielectric 1s formed 1n each of the first and second openings
that were formed at operation 5311. Any known gate dielec-
tric formation process may be employed at operation 531
(e.g., thermal oxidation, CVD, and ALD) to form any
material known to be a suitable MOS dielectric. In an
advantageous embodiment further illustrated by FIG. 6C, a
high-k gate dielectric material 120 and 220 1s deposited by
ALD. Although not depicted, gate dieclectric material 120
and 220 may also form on sidewalls of spacer dielectric 125,
225. Gate electrode material(s) 630 then concurrently back-
f1lls the first and second openings. With an appropriate AR
of the first and second openings, superfilling occurs only for
the opening of lower AR. During gate electrode deposition,
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scam 150 forms as the gate electrode material 631 1s
backtilled 1nto the first opening, which because of the higher
AR (e.g., narrower CD associated with gate length L,),
advances more conformally than for the second opening. In
other words, gate electrode material 631 fills 1 from side-
walls of the surrounding dielectric at a more substantial rate
relative to the rate of deposition at the bottom of the opening
for the narrower first opening than for the wider second
opening (associated with gate length L,).

Returning to FIG. 5B, method 502 continues with opera-
tion 535, where gate electrode material(s) 1s planarized by
any known techmque (e.g. CMP), as further illustrated 1n
FIG. 6D. Planarization may remove gate electrode material
overburden and expose 1solation dielectric 115 and/or any
intervening dielectric materials (e.g., spacer dielectric 125,
225). Method 502 (FIG. 5B) continues at operation 541,
where the first and second electrodes 130, 330 are recessed
below the surrounding dielectric using any known tech-
nique. In an advantageous embodiment further illustrated in
FIG. 6E, a plasma-based gate electrode recess etch 650 1s
performed. Recess etching i1s performed to reduce the
z-height of gate electrode 130 enough to expose seam 150.
Upon removing any overlying gate electrode material
occluding seam 150, seam 150 1s exposed to plasma-based
recess etch 650. Seam 150 then offers an additional etch
front extending along the seam z-height. Accelerated recess
etching 1s localized along the etch front presented by seam
150, causing a non-planarity 1n the top surface gate electrode
130. Also through seam 150, the underlying gate dielectric
120 can be subjected to damage that has been found to
accelerate the electrical breakdown of gate dielectric 120.
This damage may be incurred during the electrode recess
ctch, or during subsequent processing until seam 150 1is
again occluded with an overlying material.

Returning to FIG. 5B, method 502 proceeds to operation
545 where a capping material 1s deposited over the recessed
surface of the first and second gate electrodes. Any known
technique, such as a self-planarizing spin-on deposition, or
a non-planarizing vapor deposition may be utilized at opera-
tion 545. Non-planarizing deposition embodiments may
further include a subsequent planarization (e.g., CMP)
operation. Method 502 ends at operation 551 where the
MOS transistor 1s completed based on the wider gate elec-
trode, and the MOS antifuse 1s completed based on the
narrower gate electrode. The antifuse bit-cell 1llustrated in
FIG. 6E 1s then ready for upper level interconnection of
MOSFET 300 and antifuse 100.

FIG. 5C 1s a flow diagram 1illustrating a method 503 of
integrating a MOSFET with a MOS antifuse having void-
accelerated breakdown, 1n accordance with another embodi-
ment. Method 503 may be practiced to fabricate antifuse 100
and MOSFET 401 illustrated 1n FIG. 4, for example. Method
503 begins with forming first and second openings 1n
dielectric matenial layer(s) at operation 512. The openings
expose two separate semiconductor channel regions of a
substrate. Any known techniques may be practiced at opera-
tion 512 to form the openings 1nto which a gate electrode 1s
to be subsequently deposited. One technique includes con-
currently removing two sacrificial gate electrodes from a
surrounding structure, as described above in the context of
FIG. 5B. Other techniques such as, but not limited to,
patterned etching of a blanket dielectric film, may also be
practiced. Thickness or z-height of the surrounding dielec-
tric, and CD of both the first second opemings may be
selected to induce formation of a seam during the subse-
quent deposition of a gate electrode material into the open-
ings. In one exemplary embodiment, an AR of both the first




US 10,763,209 B2

15

and second openings formed at operation 512 1s greater than
1:1, and advantageously greater than 2:1. In one exemplary
embodiment, the CD of both the first and second openings
1s the substantially same (e.g., within normal variation of a
same target CD).

Method 503 continues at operation 532 where a gate
dielectric 1s formed 1n each of the opemings that were formed
at operation 512. Any known gate dielectric formation
process may be employed at operation 332 (e.g., thermal
oxidation, CVD, and ALD) to form any material known to
be suitable as a MOS dielectric. In advantageous embodi-
ments, operation 532 entails deposition of a high-k material
by ALD. Operation 532 further includes concurrently back-
filling a gate electrode material (or plurality of materials)
into the first and second openings, respectively. During gate
clectrode deposition, a seam forms as the gate electrode
material 1s backfilled into both the first and second openings,
advancing conformally and filling 1n from sidewalls of the
surrounding dielectric.

Method 503 continues with operation 535, where gate
clectrode material(s) are planarized by any known technique
(c.g. CMP). At operation 542, the first and second electrodes
are then recessed below the surrounding dielectric by dii-
fering amounts using any known technique. In advantageous
embodiments, a plasma-based gate electrode recess etch 1s
performed for a first duration during which the gate elec-
trode material disposed in the second opening 1s protected,
for example with a mask. In further embodiments, after the
mask 1s removed, a second plasma-based gate electrode
recess etch 1s performed for a second duration. The total gate
clectrode recess etch time 1s suflicient to expose the seam
present 1n the first opening, subjecting the underlying gate
dielectric to damage that has been found to accelerate the
film’s electrical breakdown. The second gate electrode
recess etch duration 1s insuflicient to expose the seam
present in the second opening, maimtaimng a high MOS
dielectric breakdown threshold.

At operation 545, a capping material 1s deposited over the
recessed surface of the first and second gate electrodes. Any
known technique, such as a self-planarizing spin-on depo-
sition, or a non-planarizing vapor deposition may be utilized
at operation 545. Non-planarizing deposition embodiments
may further include a subsequent planarization (e.g., CMP)
operation. Method 503 ends at operation 552 where the
MOS ftransistor 1s completed based on the second MOS
stack with higher dielectric breakdown strength, and the
MOS antifuse 1s completed based on the MOS stack with
void-accelerated dielectric breakdown.

FIG. 7 illustrates a system 1000 i which a mobile
computing platform 1005 and/or a data server machine 1006
employs a MOS antifuse with void-accelerated gate dielec-
tric breakdown in accordance with embodiments of the
present mvention. The server machine 1006 may be any
commercial server, for example mcluding any number of
high-performance computing platiorms disposed within a
rack and networked together for electronic data processing,
which 1n the exemplary embodiment includes a packaged
monolithic IC 1050. The mobile computing platform 1005
may be any portable device configured for each of electronic
data display, electronic data processing, wireless electronic
data transmission, or the like. For example, the mobile
computing platform 1005 may be any of a tablet, a smart
phone, laptop computer, etc., and may include a display
screen (e.g., a capacitive, inductive, resistive, touchscreen),
a chip-level or package-level integrated system 1010, and a

battery 1015.
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Whether disposed within the integrated system 1010
illustrated 1n the expanded view 1020, or as a stand-alone
packaged chip within the server machine 1006, packaged
monolithic IC 1050 includes a memory chip (e.g., RAM), or
a processor chip (e.g., a microprocessor, a multi-core micro-
processor, graphics processor, or the like) employing a
monolithic architecture with at least one antifuse with void-
accelerated gate dielectric breakdown. Advantageously,
integrated system 1010 includes a MOS antifuse bit-cell
where the MOS antifuse has void-accelerated gate dielectric
breakdown and a MOSFET maintains a higher nominal gate
dielectric breakdown, for example as describe elsewhere
herein. The monolithic IC 1050 may be further coupled to a
board, a substrate, or an mterposer 1060 along with, one or
more of: a power management integrated circuit (PMIC)
1030; RF (wireless) integrated circuit (RFIC) 1025 1nclud-
ing a wideband RF (wireless) transmitter and/or receiver
(TX/RX) (e.g., mncluding a digital baseband and an analog
front end module further comprises a power amplifier on a
transmit path and a low noise amplifier on a receive path);
and a controller thereof 1035.

Functionally, PMIC 1030 may perform battery power
regulation, DC-to-DC conversion, etc., and so has an input
coupled to battery 1015 and with an output providing a
current supply to other functional modules. As further 1llus-
trated, 1n the exemplary embodiment, RFIC 1025 has an
output coupled to an antenna (not shown) to implement any

of a number of wireless standards or protocols, including but
not limited to Wi-F1 (IEEE 802.11 family), WiMAX (IEEE
802.16 family), IEEE 802.20, long term evolution (LTE),
Ev-DO, HSPA+, HSDPA+, HSUPA+, EDGE, GSM, GPRS,
CDMA, TDMA, DECT, Bluetooth, derivatives thereof, as
well as any other wireless protocols that are designated as
3G, 4G, 5G, and beyond. In alternative implementations,
cach of these board-level modules may be integrated onto
separate ICs coupled to the package substrate of the mono-
lithic 1C 1050 or within a single IC coupled to the package
substrate of the monolithic IC 1050.

FIG. 8 1s a functional block diagram of a computing
device 1100, arranged i accordance with at least some
implementations of the present disclosure. Computing
device 1100 may be found inside platform 1005 or server
machine 1006, for example. Device 1100 further includes a
motherboard 1102 hosting a number of components, such as
but not limited to a processor 1104 (e.g., an applications
processor), which may further mcorporate a MOS antifuse
with void-accelerated gate dielectric breakdown, for
example as discussed elsewhere herein. Processor 1104 may
be physically and/or electrically coupled to motherboard
1102. In some examples, processor 1104 includes an inte-
grated circuit die packaged within the processor 1104. In
general, the term “processor” or “microprocessor’ may refer
to any device or portion of a device that processes electronic
data from registers and/or memory to transform that elec-
tronic data into other electronic data that may be further
stored 1n registers and/or memory.

In various examples, one or more communication chips
1106 may also be physically and/or electrically coupled to
the motherboard 1102. In further implementations, commu-
nication chips 1106 may be part of processor 1104. Depend-
ing on 1ts applications, computing device 1100 may include
other components that may or may not be physically and
clectrically coupled to motherboard 1102. These other com-
ponents include, but are not limited to, volatile memory
(e.g., DRAM), non-volatile memory (e.g., ROM), flash
memory, a graphics processor, a digital signal processor, a
crypto processor, a chipset, an antenna, touchscreen display,
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touchscreen controller, battery, audio codec, video codec,
power amplifier, global positioning system (GPS) device,
compass, accelerometer, gyroscope, speaker, camera, and
mass storage device (such as hard disk drnive, solid-state
drive (SSD), compact disk (CD), digital versatile disk
(DVD), and so forth), or the like.

Communication chips 1106 may enable wireless commu-
nications for the transier of data to and from the computing,
device 1100. The term “wireless” and 1ts derivatives may be
used to describe circuits, devices, systems, methods, tech-
niques, communications channels, etc., that may communi-
cate data through the use of modulated electromagnetic
radiation through a non-solid medium. The term does not
imply that the associated devices do not contain any wires,
although 1n some embodiments they might not. Communi-
cation chips 1106 may implement any of a number of
wireless standards or protocols, including but not limited to
those described elsewhere herein. As discussed, computing
device 1100 may include a plurality of communication chips
706. For example, a first communication chip may be
dedicated to shorter-range wireless communications, such as
Wi-Fi1 and Bluetooth, and a second communication chip may
be dedicated to longer-range wireless communications such
as GPS, EDGE, GPRS, CDMA, WiMAX, LTE, Ev-DO, and
others.

While certain features set forth herein have been
described with reference to various implementations, this
description 1s not intended to be construed 1n a limiting
sense. Hence, various modifications of the implementations
described herein, as well as other implementations, which
are apparent to persons skilled in the art to which the present
disclosure pertains are deemed to lie within the spinit and
scope of the present disclosure.

It will be recognized that the invention 1s not limited to the
embodiments so described, but can be practiced with modi-
fication and alteration without departing from the scope of
the appended claims. The above embodiments may include
specific combination of features. For example:

In one or more first embodiment, a metal-oxide-semicon-
ductor (MOS) antifuse bit-cell includes an antifuse further
including a first semiconductor channel region disposed over
a substrate. The antifuse further includes a first semicon-
ductor source region and a first drain region, of a conduc-
tivity type complementary to the first channel region, dis-
posed over the substrate and on opposite sides of the first
channel region. The antifuse further includes a first source
contact interfacing with the first source region and a {first
drain contact interfacing with the first drain region. The
antifuse further includes a first gate dielectric disposed over
the first channel region. The antifuse further includes a first
gate electrode separated from the first channel region by the
first gate dielectric and separated from the first drain and
source contacts by an mtervening dielectric material, the first
gate electrode having a seam extending from a top surface
of the first gate electrode through a z-height approaching the
first gate dielectric.

In furtherance of the first embodiment, the first gate
clectrode has a first gate length. The seam 1n the first gate
clectrode matenial 1s disposed at approximately the center of
the first gate length.

In furtherance of the first embodiment, the antifuse bit-
cell of claim 1 further includes a MOS transistor coupled to
the first gate electrode or to the first drain contact. The
transistor further includes a second semiconductor channel
region disposed over the substrate. The transistor further
includes a second semiconductor source region and a second
drain region, of a conductivity type complementary to the
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second channel region, disposed over the substrate and on
opposite sides of the second channel region. The transistor
further includes a second source contact interfacing with the
second source region and a second drain contact interfacing
with the second drain region. The transistor further includes
a second gate dielectric disposed over the second channel
region. The transistor further includes a second gate elec-
trode separated from the second channel region by the
second gate dielectric and separated from the second source
and drain contacts by the intervening dielectric matenal,
wherein the second gate electrode 1s seam-iree.

In furtherance of the embodiment immediately above, the
first gate electrode has a first gate length. The seam 1n the
first gate electrode material disposed at approximately the
center of the first gate length. The z-height of the first gate
clectrode 1s less than z-height of the intervening dielectric
material. The second gate electrode has a second gate length,
larger than the first gate length. The first and second gate
clectrode have substantially the same material composition.

In furtherance of the embodiment above, the first gate
clectrode has a first gate length. The seam 1n the first gate
clectrode maternial disposed at approximately the center of
the first gate length. The second gate electrode has a second
gate length, equal to, or less than, the first gate length. The
z-height of the first and second gate electrodes 1s less than
z-height of the intervening dielectric material. The first and
second gate electrode each comprise a fill metal, the fill
metal of the first gate electrode being at least one of a
different composition or microstructure than the fill metal of
the second gate electrode.

In furtherance of the embodiment above, the first and
second gate electrodes have z-heights that are substantially
equal. A capping material 1s disposed over a top surface of
the first gate electrode and over a surface of the second gate
clectrode, the capping material occluding the seam 1n the
first gate electrode.

In furtherance of the embodiment above, the MOS tran-
sistor 1s coupled to the first gate electrode to control a
voltage level between the first gate electrode and the first
drain region.

In further of the first embodiment, the antifuse bit-cell
further 1includes a MOS ftransistor coupled to the first gate
clectrode or to the first drain contact. The transistor further
includes a second semiconductor channel region disposed
over the substrate. The transistor further includes a second
semiconductor source region and a second drain region, of
a conductivity type complementary to the second channel
region, disposed over the substrate and on opposite sides of
the second channel region. The transistor further includes a
second source contact interfacing with the second source
region and a second drain contact interfacing with the
second drain region. The transistor further includes a second
gate dielectric disposed over the second channel region. The
transistor further includes a second gate electrode separated
from the second channel region by the second gate dielectric
and separated from the second source and drain contacts by
the intervening dielectric material, wherein the second gate
clectrode has a second z-height from an interface with the
second gate dielectric that 1s greater the z-height of the first
gate electrode, and wherein the second gate electrode has a
second seam occluded by a top surface of the second
clectrode.

In one or more second embodiments, a method of fabri-
cating a MOS antifuse bit-cell includes forming a first
opening in a surrounding dielectric material, the first open-
ing exposing a first semiconductor channel region. The
method further includes forming a first gate dielectric over
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the first semiconductor channel region. The method further
includes forming a first gate electrode by filling the first
opening from sidewalls of the surrounding dielectric mate-
rial. The method further includes recessing the first gate
clectrode relative to the surrounding dielectric material to
open a seam 1n the first gate electrode and expose the seam
to the gate electrode recess etch process. The method further
includes forming first source and drain contacts to {irst
source and drain regions disposed on opposite sides of the
first channel region.

In furtherance of the second embodiment, forming the
antifuse bit-cell further comprises planarizing a first gate
clectrode material with the surrounding dielectric maternial
before recessing the first gate electrode below a z-height of
the dielectric matenial, and opening the seam exposes the
first gate dielectric.

In furtherance of the second embodiment, depositing the
first gate electrode further comprises depositing a first fill
metal with deposition process that i1s conformal for the
aspect ratio of the first opening.

In furtherance of the second embodiment, forming the
antifuse bit-cell further comprises forming a second opening
in a surrounding dielectric material, the second opening
exposing a second semiconductor channel region. Forming
the antifuse bit-cell further comprises forming a second gate
dielectric over the second semiconductor channel region.
Forming the antifuse bit-cell further comprises forming a
second gate electrode by backiilling the second opening with
a non-conformal deposition. Forming the antifuse bit-cell
turther comprises recessing the second gate electrode. Form-
ing second source and drain contacts to second source and
drain regions disposed on opposite sides of the second
channel region.

In furtherance of the embodiment immediately above, the
second openming has a lower aspect ratio than that of the first
opening and depositing the first gate electrode and second
gate electrode further comprises depositing a first {ill metal
with a process that 1s conformal for the aspect ratio of the
first opening and superfilling for the aspect ratio of the
second opening.

In furtherance of the embodiment immediately above,
depositing the first fill metal further comprises depositing
the gate electrode with a chemical vapor deposition (CVD)
or atomic layer deposition (ALD) process.

In furtherance of an embodiment above, the second open-
ing has a second aspect ratio equal to, or greater than, that
of the first opening. Depositing the first gate electrode
turther comprises depositing a first fill metal with deposition
process that 1s conformal for the aspect ratio of the first
opening. Depositing the second gate electrode further com-
prises depositing a second fill metal with a process that 1s
superfilling for the aspect ratio of the second opening.

In furtherance of the second embodiment, forming the
first gate dielectric further comprises forming an 1solation
dielectric surrounding sacrificial gate features. Forming the
first opening further comprises removing the sacrificial gate
features to form first and second openings that expose first
and second semiconductor channel regions. Forming the
first gate electrode further comprises depositing a gate
dielectric over the first and second semiconductor channel
regions and backiilling a gate electrode material into the first
and second openings with a deposition process that forms a
seam 1n the electrode material backfilled in at least the first
opening, planarizing the gate electrode material with the
isolation dielectric, and planarizing the second gate elec-
trode material with the 1solation dielectric. Recessing the
first gate electrode further comprises recessing the gate
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electrode material below the 1solation dielectric, the recess-
ing opening the seam. The method further comprises cap-
ping the first and second gate eclectrode materials with a
dielectric to occlude the seam. The method further com-
prises forming source/drain contacts to source/drain regions
on opposite sides of the first and second channel regions.

In furtherance of the embodiment immediately above, the
first and second openings have substantially the same aspect
ratio, and recessing the gate electrode material further com-
prises recessing the gate electrode material backiilling the
first opening to a {irst gate electrode z-height that 1s less than
a z-height of the second gate electrode.

In furtherance of the embodiment immediately above, a
seam present 1n the electrode maternial backfilling the second
opening remains occluded by a top surface of the electrode
matenal after the recessing of the gate electrode matenal.

In one or more third embodiments, a method of fabricat-
ing a MOS antifuse bit-cell includes forming an 1solation
dielectric surrounding sacrificial gate features. The method
further includes removing the sacrificial gate features to
form first and second openings that expose first and second
semiconductor channel regions. The method further includes
depositing a gate dielectric over the first and second semi-
conductor channel regions. The method further includes
backfilling a gate electrode material into the first and second
openings with a deposition process that forms a seam 1n the
clectrode material backfilled 1n at least the first opening. The
method further includes planarizing the gate electrode mate-
rial with the 1solation dielectric. The method further includes
planarizing the second gate electrode material with the
1solation dielectric. The method further includes recessing
the gate electrode material below the 1solation dielectric, the
recessing opening the seam. The method further includes
capping the first and second gate electrode materials with a
dielectric to occlude the seam. The method further includes
forming source/drain contacts to source/drain regions on
opposite sides of the first and second channel regions.

In furtherance of the third embodiment, the first and
second openings have substantially the same aspect ratio,
and recessing the gate electrode material further comprises
recessing the gate electrode material backfilling the first
opening to a first gate electrode z-height that 1s less than a
z-height of the second gate electrode.

In furtherance of the embodiment immediately above, a
scam present 1n the electrode material backfilled 1n the
second opening remains occluded by a top surface of the
clectrode material after the recessing of the gate electrode
material.

In one or more fourth embodiment, a system on a chip
(SoC) icludes processor logic circuitry, memory circuitry
coupled to the processor logic circuitry, RF circuitry coupled
to the processor logic circuitry and including radio trans-
mission circuitry and radio receiver circuitry, and power
management circuitry including an input to receive a DC
power supply and an output coupled to at least one of the
processor logic circuitry, memory circuitry, or RF circuitry.
At least one of the RF circuitry or power management
circuitry includes the MOS antifuse bit-cell as recited 1n any
of the first embodiments.

In furtherance of the fourth embodiment, the MOS anti-
tuse bit-cell further comprises a first semiconductor channel
region disposed over a substrate. The MOS antifuse bit-cell
turther comprises a first semiconductor source region and a
first drain region, of a conductivity type complementary to
the first channel region, disposed over the substrate and on
opposite sides of the first channel region. The MOS antifuse
bit-cell further comprises a first drain contact interfacing
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with the first drain region and a first source contact inter-
tacing with the first source region. The MOS antifuse bit-cell
turther comprises a first gate dielectric disposed over the
first channel region. The MOS antifuse bit-cell further
comprises a lirst gate electrode separated from the first
channel region by the first gate dielectric and separated from
the first drain and source contacts by an intervening dielec-
tric, the first gate electrode having a seam extending from a
top surface of the first gate electrode through a z-height
approaching the first gate dielectric.

In furtherance of the fourth embodiment, the first gate
clectrode has a first gate length, the secam 1n the first gate
clectrode material disposed at approximately the center of
the first gate length, and the z-height of the first gate
clectrode 1s less than z-height of the intervening dielectric.

In one or more fifth embodiments, a system on a chip
(SoC) mcludes processor logic circuitry, memory circuitry
coupled to the processor logic circuitry, RF circuitry coupled
to the processor logic circuitry and including radio trans-
mission circuitry and radio receiver circuitry, power man-
agement circuitry including an input to receive a DC power
supply and an output coupled to at least one of the processor
logic circuitry, memory circuitry, or RF circuitry. At least
one of the RF circuitry or power management circuitry
includes a MOS antifuse bit-cell. The MOS antifuse bit-cell
turther includes a first semiconductor channel region dis-
posed over a substrate. The MOS antifuse bit-cell further
includes a first semiconductor source region and a first drain
region, of a conductivity type complementary to the first
channel region, disposed over the substrate and on opposite
sides of the first channel region. The MOS antifuse bit-cell
turther includes a first drain contact interfacing with the first
drain region and a first source contact interfacing with the
first source region. The MOS antifuse bit-cell further
includes a first gate dielectric disposed over the first channel
region. The MOS antifuse bit-cell further includes a first
gate electrode separated from the first channel region by the
first gate dielectric and separated from the first drain and
source contacts by an intervening dielectric, the first gate
clectrode having a seam extending from a top surface of the
first gate electrode through a z-height approaching the first
gate dielectric.

In furtherance of the fifth embodiment, the first gate
clectrode has a first gate length. The seam 1n the first gate
clectrode matenal disposed at approximately the center of
the first gate length. The z-height of the first gate electrode
1s less than z-height of the mterveming dielectric.

However, the above embodiments are not limited 1n this
regard and, in various implementations, the above embodi-
ments may 1include undertaking only a subset of such
features, undertaking a different order of such {features,
undertaking a different combination of such features, and/or
undertaking additional features than those features explicitly
listed. The scope of the mvention should, therefore, be
determined with reference to the appended claims, along
with the full scope of equivalents to which such claims are
entitled.

What 1s claimed 1s:

1. A metal-oxide-semiconductor (IMOS) antifuse structure
comprising;

a semiconductor channel region;

a source region and a drain region on opposite sides of the
channel region, wherein at least one of the source and
drain regions 1s to be a first terminal of the antifuse
structure;

a source contact interfacing with the source region and a
drain contact interfacing with the drain region;
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a gate dielectric over the channel region; and

a gate electrode separated from the channel region by the
gate dielectric and separated from the drain and source
contacts by an interveming dielectric matenal, the gate
clectrode to be a second terminal of the antifuse struc-
ture, and the gate electrode having a seam extending
from a top surface of the gate electrode and exposing
the gate dielectric.

2. The structure of claim 1, wherein:

the gate electrode has a gate length; and

the seam 1s at approximately the center of the gate length.

3. The structure of claim 1, further comprising:

a MOS ftransistor structure coupled to the first or second
terminal of the MOS antifuse structure, the transistor
structure further comprising:

a second semiconductor channel region;

a second source region and a second drain region on
opposite sides of the second channel region;

a second gate dielectric disposed over the second channel
region; and

a second gate electrode separated from the second channel
region by the second gate dielectric, wherein the sec-
ond gate electrode lacks a seam exposing the second
gate dielectric.

4. The structure of claim 3, wherein:

the gate electrode has a gate length;

the seam 1s at approximately the center of the gate length;

the gate electrode has a z-height less than that of the
intervening dielectric material;

the second gate electrode has a second gate length, larger
than the gate length; and

the first and second gate electrode have substantially the
same material composition.

5. The structure of claim 3, wherein:

the gate electrode has a gate length;

the seam 1n the gate electrode material 1s at approximately
the center of the gate length; and

the second gate electrode has a second gate length, equal
to, or greater than, the gate length.

6. The structure of claim 3 wherein:

the gate electrodes have z-heights that are substantially
equal; and

a capping dielectric 1s over a top surface of the gate
clectrodes, the capping dielectric occluding the seam.

7. The structure of claim 3, wherein:

the MOS ftransistor structure 1s coupled to the second
terminal of the MOS antifuse structure to control a
voltage level between the first and second terminals of
the MOS antifuse structure.

8. The structure of claim 1, further comprising:

a MOS ftransistor structure coupled to the first or second
terminals of the MOS antifuse structure, the transistor
structure further comprising:

a second semiconductor channel region;

a second source region and a second drain region on
opposite sides of the second channel region;

a second source contact mterfacing with the second
source region and a second drain contact interfacing
with the second drain region;

a second gate dielectric over the second channel region;
and

a second gate electrode separated from the second
channel region by the second gate dielectric and
separated from the second source and drain contacts
by the intervening dielectric material, wherein the
second gate electrode has a second z-height from an
interface with the second gate dielectric that 1s
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greater than the z-height of the gate electrode, and
wherein the second gate electrode has a second seam
occluded by a top surface of the second electrode.

9. A system on a chip (SoC), comprising:

processor logic circuitry; 5

memory circultry coupled to the processor logic circuitry;

RF circuitry coupled to the processor logic circuitry, the

RF circuitry including radio transmission circuitry and

radio receiver circuitry; and

power management circuitry icluding an mput to receive 10

a DC power supply and an output coupled to at least

one of the processor logic circuitry, memory circuitry,

or RF circuitry, wherein at least one of the RF circuitry

or power management circuitry includes the MOS

antifuse structure recited 1n claim 1. 15
10. The SoC of claim 9, wherein:
the gate electrode has a gate length;
the seam i1n the gate electrode 1s at approximately the

center of the gate length; and

the gate electrode has a z-height less than that of the 20

intervening dielectric.

11. The structure of claim 3, wherein the MOS antifuse
structure has dielectric breakdown at a first voltage, applied
across the first and second terminals, and wherein the first
voltage 1s lower than a second voltage, applied across the 25
second gate electrode and the second drain, at which break-
down of the second gate dielectric occurs.

12. A method of fabricating a MOS antifuse structure, the
method comprising:

forming an opening 1n a dielectric material, the opening 30

exposing a semiconductor channel region;

forming a gate dielectric over the semiconductor channel

region;

forming source and drain regions on opposite sides of the

semiconductor channel region; 35
forming a gate electrode by filling the opening from
sidewalls of the dielectric matenal;

recessing the gate electrode relative to the dielectric

material to open a seam in the gate electrode and
expose the seam to an etch process employed for the 40
recessing, wherein the seam exposes the gate dielectric.

13. The method of claim 12, further comprising;

planarizing the gate electrode with the dielectric material

belore recessing the gate electrode below a z-height of
the dielectric material. 45

14. The method of claim 12, wherein depositing the gate
clectrode further comprises depositing a fill metal with a
deposition process that 1s substantially conformal for an
aspect ratio of the opening.

15. The method of claim 12, further comprising: 50

forming a second opening in a dielectric material, the

second opening exposing a second semiconductor
channel region;

forming a second gate dielectric over the second semi-

conductor channel region; 55
forming a second gate electrode by backfilling the second
opening with a non-conformal deposition; and

recessing the second gate electrode without opening a

seam 1n the second gate electrode.
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16. The method of claim 15, wherein:

the second opening has a lower aspect ratio than that of
the opening;

depositing the gate electrodes further comprises deposit-
ing a f1ll metal with a process that 1s conformal for an
aspect ratio ol the opening and superfilling for an
aspect ratio of the second opening.

17. The method of claim 16, wherein:

depositing the fill metal further comprises a chemical

vapor deposition (CVD) or atomic layer deposition

(ALD) process.

18. The method of claim 15, wherein:

the second opening has a second aspect ratio equal to, or
greater than, an aspect ratio of the opening;

depositing the gate electrode further comprises depositing,
a first fill metal with deposition process that 1s confor-
mal for the aspect ratio of the opening;

depositing the second gate electrode further comprises

depositing a second fill metal with a process that 1s
superfilling for the second aspect ratio of the second
opening.
19. The method of claim 15, wherein:
forming the gate dielectric further comprises forming an
1solation dielectric surrounding sacrificial gate features;

forming the opening and the second opening further
comprises removing the sacrificial gate features to form
the opening that exposes the semiconductor channel
region and to form the second opening that exposes the
second semiconductor channel region;

the method further comprises:

depositing a gate dielectric over the semiconductor chan-

nel region and over the second semiconductor channel
region;

backiilling a gate electrode material into the opening and

the second opening with a deposition process that
forms a seam 1n the electrode material backfilled in at
least the opening; and

planarizing the gate electrode material with the 1solation;
recessing the gate electrode further comprises recessing the
gate electrode material below the 1solation dielectric, the
recessing opening the seam; and
the method further comprises:

capping the gate electrode material with a dielectric to

occlude the seam; and

forming source and drain contacts to the source and drain

regions.

20. The method of claim 19, wherein:

the opening and the second opening have substantially the

same aspect ratio; and

recessing the gate electrode material further comprises

recessing the gate electrode material backfilling the
opening to a first gate electrode z-height that is less than
a z-height of the second gate electrode.

21. The method of claim 20, wherein a seam present 1n the
gate electrode material backfilling the second opening
remains occluded by a top surface of the gate electrode
matenal after the recessing of the gate electrode matenial.
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